Lyme disease is caused by spirochaetes of the Borrelia burgdorferi sensu lato (B. burgdorferi s.l.). Complete genome assemblies are available for fewer than ten strains of B. burgdorferi sensu stricto (s.s.), the primary cause of Lyme disease in North America. MM1 is a strain of B. burgdorferi s.s. that was originally isolated in the midwestern United States. Except for a few genes, the complete genome sequence of this strain has not been reported.
Introduction Functional annotation
Genome features were annotated with RAST v2.0 [23] with the initial NCBI Taxonomy ID set to B. burgdorferi (139) . To create a comparative annotation map of main chromosomes, FASTA sequences of all B. burgdorferi strains with complete genome assemblies were download from NCBI GenBank. B31, CA283, JD1, N40, PABe, PAli, and ZS7 (accession numbers AE000783.1, CP005925.1, CP002312.1, CP002228.1, CP019916.1, CP019844.1, and CP001205.1, respectively). B31, CA283, JD1, N40, and ZS7 were re-annotated with RAST annotation server using the same settings used for MM1 genome annotation. GenBank annotations for PAbe and PAli were used directly.
Phylogenetic analysis
A phylogenetic tree was constructed to evaluate the relationship of MM1 with respect to seven prominent laboratory B. burgdorferi sensu stricto strains. The tree was inferred from the whole main chromosome sequence data of sensu stricto strains MM1, B31, CA283, JD1, N40, PABe, PAli, and ZS7 using REALPHY v.1.12 [24] with outgroup B. bissettii DN127 (CP002746.1). The strains were ordered for plotting based on genomic distance from MM1 as determined by GGDC v.2.1 [25] with its default settings for formula two. The tree was plotted using TreeGraph2 v2.13 [26] .
The eight chromosomal housekeeping genes clpA, clpX, nifS, pepX, pyrG, recG, rplB and uvrA of the Multi Locus Sequence Typing (MLST) scheme [27] were used to determine MM1 Sequence Type (ST). Corresponding locus sequences in MM1 were queried against the Borrelia MLST database [28] . Alleles with perfect matches to the database were assigned type numbers.
Where perfect matches did not exist, single-base mismatches were noted and confirmed using Oxford Nanopore data. For confirmation, the novel alleles were searched against all MinION filtered 2D reads using FASTA v.36 [29] . Hits were aligned with Clustal Omega v.1.2.1 [30] and visually inspected.
Results and discussion

Overall description of the B. burgdorferi MM1 genome
The genome of the sequenced culture of B. burgdorferi MM1 was determined to be 1,280,240 bp in size with an average coverage depth of 737× and ranging from 351× to 2312× across the chromosome and plasmids ( With the exception of the right end extension, the chromosomal gene contents of sequenced B. burgdorferi s.s. strains are essentially identical [34, 35] . Accordingly, comparative annotation map of MM1 and B. burgdorferi s.s. strains suggests a consistent overall gene synteny over the entire chromosome with some variation in right end extension (Fig 1) . 
B. burgdorferi MM1 plasmid content and variation from B.burgdorferi strains
An initial mapping of raw sequence reads from B.burgdorferi MM1 genome to the type strain B31 (see Materials and methods) indicated less than 26% base calling for B31 plasmids lp21, lp28-1, lp28-2, lp38, lp56 and lp5 suggesting their absence in MM1 genome. However, the presence/absence of other B31 plasmids and, in particular, the cp32s that are homologous nearly throughout their lengths in B. burgdorferi [34] remained ambiguous. The observed depth of coverage across B31 plasmids is depicted in Fig. S1 .
According to the PFam32 nomenclature scheme [19] , the sequenced culture of B.
burgdorferi MM1 is determined to carry fifteen plasmids encoding 7 linear and 7 circular plasmid PFam32 types. The small cp9 plasmid that does not encode a PFam32 protein defines an additional plasmid compatibility type in MM1 genome. While some plasmids might be spontaneously lost between original isolation and the low passage culture used for sequencing, the number of identified plasmids in MM1 is within the previously defined range in a set of 14 B.
burgdorferi strains (e.g. 6-11 and 6-12 circular and linear sequenced plasmids, respectively) [22] .
A comparison of variation in plasmid profile, size and GC content among MM1, B31 , JD1 and N40 strains, is shown in Table 4 . Similar to the type strain B31, MM1 carries linear plasmids lp54, lp17, lp25, lp28-3, lp28-4, lp36 and circular plasmids cp9, cp26, cp32-1, cp32-4, cp32-6, cp32-7, cp32-9. Among the non-cp32 plasmids, lp17, lp25, and lp36 appear to have major structural differences between the two strains ( Table 4 , Fig 2) . MM1 genome carries the linear plasmid PFam32 type, lp28-8, that is not present in the sequenced B31. In addition, MM1 carries cp32-5 PFam32 type which is not present among encoded by B31 plasmids but is found among encoded by the circular plasmids of N40 and present in strains JD1 in fusion with cp32-5
as cp32-1+5 (Table 4 ) [34] . ºIn strains of B. afzelii, where lp28-8 is documented (e.g. K78 and PKo), code "AC" is initially given to plasmid lp28-8 and later revised to "RS", whereas, in others (e.g. B. burgdorferi strain 94a, B. valaisiana VS116, B. spielmanii A14S), code N is initially given and later revised to "RS" [22] . Consistently, we designate "RS" as the code for MM1 lp28-8 plasmid. ⁿJD1cp32-1 and cp32-5 are described as fused into 60.7 kbps circular cp32-1+5 plasmid [34] . In B31 cp32-10 is integrated into lp56 plasmid [34] . L, linear; C, Circular. (PFam32), green (PFam49), yellow (PFam50) and blue (PFam57/62) arrows. Among B31the 4 PFams in B31, genes that appear to be disrupted and pseudogene relatives are not color coded [21] and only PFam types with consecutive numbers in MM1 are color coded. BLAST alignments between plasmid pairs (E-value <0.001) are indicated by blocks ranging in color from red (80% sequence identity) to dark blue (100% sequence identity). GC content is calculated in a window of 400 bps and displayed as a blue histogram bar of a GC content lower than 50%. Sequences are shown in full and drawn to scale with scale bars representing 5 kbps.
The plasmids lp54 and cp26 in B. burgdorferi MM1
The linear plasmid lp54 and the circular plasmid cp26 have for the most part conserved synteny among the B. burgdorferi s.l. genomes [36, 37] . Among the lp54 plasmid genes with low sequence identity across Borrelia species, are the genes encoding decorin binding proteins A (DbpA) and B (DbpB) that are critical for the overall virulence of B. burgdorferi [38] . DbpA is highly heterogeneous between and within B. burgdorferi s.l. species with as low as 70% sequence identity within B. burgdorferi s.s., whereas DbpB is more conserved (>96% identity) within B. burgdorferi s.s. [39] [40] [41] . Consistent with the substantial difference in their sequence heterogeneity among Borrelia isolates, DbpA and DbpB proteins of MM1 (corresponding gene locus tags BbuMM1_A250 and BbuMM1_A260, respectively) share 79% and 100% sequence identity to B31 (Fig 3) . BLAST alignments between the lp54 assemblies are indicated by blocks ranging in color from green (95% sequence identity) to dark blue (100% sequence identity) with a minimum Score Cutoff of 28. Annotated features are indicated in dark grey and orange (dbpA and dbpB genes, PFam54 gene array). Right: A zoomed view of PFam54 gene array of lp54 plasmid in JD1, B31, MM1 and N40 strains. PFam54 variable region is sandwiched by bba64, bba65, and bba66 on one side, and bba73 on the other side. Among the 4 strains, MM1 variable region is highly conserved with N40.
Near one terminus of the lp54 plasmid, we identified a PFam54 gene array of close homologs of complement regulator-acquiring surface protein 1, CRASP-1, that has the most variable gene content caused by gene duplication, loss and sequence diversification [42, 43] . This variable region is between the genes homologous to bba66 and bba73 in a set of 10 Borrelia lp54 plasmids [42] . The gene order within MM1 lp54 variable region is very different from B31, in that MM1 carries Bbu_MM1A660 located between genes homologous to bba66 and bba68, while B31 carries bba70 gene that is absent in MM1 (Fig 3) . A comparison of the lp54 plasmid variable region in MM1 and N40 strains reveals highly conserved synteny and sequence, with 99% sequence identity between the Bbu_MM1A660 and BbuN40_A67a genes (Fig 3) . MM1
and N40 lp54 plasmids have conserved gene order throughout their length. They do not carry insertions, inversions or deletions larger than 400 bps and inter-plasmid DNA exchanges relative to one another [22] , therefore, MM1 lp54 plasmid appears to be a type II lp54.
B. burgdorferi cp26 plasmid is present in all natural isolates and encodes functions
critical to bacterial viability [44] . The highly diverse outer-surface protein C (OspC) against which mammals develop protective immunity is encoded by the ospC gene on the cp26 plasmid [45] . (Fig 4) . [48, 49] , B. valaisiana and B. spielmanii [50] is depicted in Fig 4. MM1 lp28-8 plasmid carries a vls locus in one end with a characteristic high GC content [51] . The vls locus is required for long-term survival of Lyme Borrelia in infected mammals and is characterized with a cis location of the expression site vlsE and a contiguous array of vls silent cassettes [51] . Consistently, the average GC content of annotations within the vls locus of MM1 is 47% leading to an elevated average GC content of 33.2% for plasmid lp28-8, while the GC content range for the rest of MM1 genome is 23.7% to 29.3% ( Table 4 , Fig 4) . MM1 lp28-8
includes an array of 18 sequences with at least 85% sequence identity to vlsE (Fig 5) . 
The cp32 plasmids of B. burgdorferi MM1
The cp32 plasmid family members are described to have 12 PFam32 types in a set of 14 fully analyzed B. burgdorferi s.s. genome sequences [22] . B. burgdorferi MM1 genome contains six members of the cp32 family, cp32-1, cp32-4, cp32-5, cp32-6, cp32-7, and cp32-9 (Table 4 ).
Based on SCPS analysis, the MM1 cp32 plasmids consistently share an amino acid sequence identity of more than 99% with their PFam32 genes in either B31 or N40 strains (S1 Table) .
Among the six, cp32-5 plasmid is absent in B. burgdorferi B31.
MLST reveals B. burgdorferi MM1 strain is a new sequence type
Based on the MLST scheme, no isolate in Borrelia MLST database [28] was found to have the same allelic profile as MM1, therefore, MM1 is characterized as a unique sequence type (ST 
